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Abstract 
There is increasing recognition that traumatic brain injury (TBI) may initiate long-term 
neurodegenerative processes, particularly chronic traumatic encephalopathy. However, insight into 
the mechanisms transforming an initial biomechanical injury into a neurodegenerative process remain 
elusive, partly as a consequence of the paucity of informative pre-clinical models. This study shows 
the functional, whole brain imaging and neuropathological consequences at up to one year survival 
from single severe TBI by controlled cortical impact in mice. TBI mice displayed persistent 
sensorimotor and cognitive deficits. Longitudinal T2 weighted magnetic resonance imaging (MRI) 
showed progressive ipsilateral (il) cortical, hippocampal and striatal volume loss, with diffusion 
tensor imaging demonstrating decreased fractional anisotropy (FA) at up to one year in the il-corpus 
callosum (CC: -30%) and external capsule (EC: -21%). Parallel neuropathological studies indicated 
reduction in neuronal density, with evidence of microgliosis and astrogliosis in the il-cortex, with 
further evidence of microgliosis and astrogliosis in the il-thalamus. One year after TBI there was also 
a decrease in FA in the contralateral (cl) CC (-17%) and EC (-13%), corresponding to 
histopathological evidence of white matter loss (cl-CC: -68%; cl-EC: -30%) associated with ongoing 
microgliosis and astrogliosis.  
These findings indicate that a single severe TBI induces bilateral, long-term and progressive 
neuropathology at up to one year after injury. These observations support this model as a suitable 
platform for exploring the mechanistic link between acute brain injury and late and persistent 
neurodegeneration. 
 
Key Words: traumatic brain injury, long-term outcome, neurodegeneration, white matter damage, 
neuroimaging, inflammation.  
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Introduction 
There is increasing evidence that, rather than a single, acute, self-limiting event, for many individuals 
traumatic brain injury (TBI) can trigger a chronic, sometimes life-long disease process.1 Particular 
attention has focused on the relation between TBI and increased risk of late neurodegenerative 
disease, such as chronic traumatic encephalopathy (CTE).2Originally described in clinical studies of 
boxers as the ‘punch-drunk’ syndrome,3 the associated neuropathology later became recognised as 
dementia pugilistica, more recently CTE.4 However, in the past decade increasing descriptions of this 
pathology in non-boxer athletes exposed to repetitive brain injury5,6and in individuals surviving a 
year or more from single moderate or severe TBI7suggest it is exposure to TBI, independent of the 
circumstance, that predisposes to neurodegenerative pathology.8,9 
The neuropathology of late survival from TBI is complex and multifaceted and includes abnormalities 
in tau, amyloid β, TDP-43, neuroinflammation, axonal degeneration, neuronal loss and white matter 
degradation.10Although there have been advances in describing these pathologies, our understanding 
of the processes linking acute phase TBI to late neurodegenerative pathology is still incomplete. As 
such, in the absence of candidate pathways driving late poor outcome, progress in identifying 
strategies for intervention has been limited partly because of the paucity of relevant pre-clinical 
models for late TBI survival, with the overwhelming majority of models defining ‘late’ follow-up as 
two months post-injury.11,12 
Limited evidence assessing outcomes one year after experimental TBI across models and injury 
severities indicates that sensorimotor and cognitive deficits persist up to one year after severe fluid 
percussion injury (FPI)13,14with progressive tissue loss, white matter damage and associated ongoing 
axonal pathology in the ipsilateral hemisphere.13–16Persistence of functional deficits17–19 has also been 
reported after focal brain injury by controlled cortical impact (CCI) in mice, with progressive tissue 
loss, reduction in cerebral blood flow19,20 and persistent neuroinflammatory processes, again in the 
ipsilateral (il) cortex, corpus callosum (cc) and thalamus.21Similarly, models of repetitive mild TBI 
report long-term cognitive deficits associated with late pathologies,22,23with variable results 
depending on the inter-injury interval.24,25 However, while there have been notable descriptions of 
persisting and devolving pathologies adjacent to the site of injury and in the ipsilateral hemisphere, 
there has been little insight into remote and contralateral pathologies so far.  
In this work, we have longitudinally analysed the behavioral outcomes of a single severe TBI. Using 
in vivo quantitative magnetic resonance imaging (MRI) techniques and parallel neuropathological 
studies we describe the long-term and progressive, bilateral hemispheric consequences of TBI. We 
show a progression of pathology to regions remote from the original injury and into contralateral 
structures at one year after injury, with ongoing white matter pathology, including active 
neuroinflammation. 
4 
Abbreviations. AD: axial diffusivity, CC: corpus callosum, CCI: controlled cortical impact, cl: contralateral, CTE: chronic traumatic encephalopathy, 
CV: cresyl violet, DTI: diffusion tensor imaging, EC: external capsule, EPI: echo-planar imaging, FA: fractional anisotropy, FPI: fluid percussion 
injury, il: ipsilateral, LFB: luxol fast blue, MD: mean diffusivity, MRI: magnetic resonance imaging, MWM: Morris water maze, r: remaining, RD: 
radial diffusivity, ROI: regions of interest, T2w: T2 weighted, TBI: traumatic brain injury. 
Materials and methods 
Animals 
C57BL/6 mice (Harlan Laboratories, Italy) were housed in a specific pathogen free vivarium at a 
constant temperature (21±1°C) with a 12h light–dark cycle and free access to food and water. The 
IRCCS-Istituto di Ricerche Farmacologiche Mario Negri (IRFMN) adheres to the principles set out 
in the following laws, regulations, and policies governing the care and use of laboratory animals: 
Italian Governing Law (D.lgs 26/2014; Authorization n.19/2008-A issued March 6, 2008 by Ministry 
of Health); Mario Negri Institutional Regulations and Policies providing internal authorization for 
persons conducting animal experiments (Quality Management System Certificate – UNI EN ISO 
9001:2008 – Reg. No. 6121); the NIH Guide for the Care and Use of Laboratory Animals (2011 
edition) and EU directives and guidelines (EEC Council Directive 2010/63/UE).The Statement of 
Compliance (Assurance) with the Public Health Service (PHS) Policy on Human Care and Use of 
Laboratory Animals has been recently reviewed (9/9/2014) and will expire on September 30, 2019 
(Animal Welfare Assurance #A5023-01). All efforts were made to minimize animal suffering and 
reduce the number of animals used. 
Experimental design 
Sham and TBI mice (n=8/group) were longitudinally analyzed following the experimental plan shown 
in Fig. 1A. Sensorimotor deficits were evaluated by neuroscore (1, 4, 6, 8 and 10 weeks, 3 and 12 
months) and beam walk tests (1, 2, 4, 6, 8 and 10 weeks, 3, 6 and 12 months) by the same operator 
for the entire duration of the study. Cognitive deficits were evaluated by Morris water maze test at 3 
and 6 months. Imaging studies were done as T2 weighted (T2w) magnetic resonance imaging (MRI) 
(1, 7 days, 1, 3, 12 months) and diffusion tensor imaging (DTI) MRI (1, 7 days, 1, 3, 6, 12 months). 
All mice were sacrificed at 12 months for histopathological analysis. Body weight at all time points 
was recorded in all mice (Fig. 1B). TBI did not result in any acute mortality; one mouse died three 
months after injury.  
Figure 1. Experimental design and weights. Mice were subjected to controlled cortical impact (CCI) or sham injury. Functional 
deficits and MRI analysis were assessed at multiple intervals up to one year post injury/sham at the time points indicated (A). Both 
sham and TBI mice gained body weight over time (p<0.0001), with no significant difference between sham and TBI weight at any 
time. (B). Data are mean±SD, n=7-8.  
Experimental traumatic brain injury 
Eight-week-old male mice were anesthetized with isoflurane inhalation (induction 3%; maintenance 
1.5%) in an N2O/O2 (70%/30%) mixture and placed in a stereotaxic frame. Rectal temperature was 
maintained at 37°C. Mice were then subjected to craniectomy followed by induction of CCI brain 
injury as previously described.26–29 Briefly, the injury was induced using a 3 mm diameter rigid 
impactor driven by a pneumatic piston rigidly mounted at an angle of 20° from the vertical plane and 
applied vertically to the exposed dura mater, between bregma and lambda, over the left parieto-
temporal cortex (antero-posteriority: –2.5 mm, laterality: –2.5 mm), at impactor velocity of 5m/s and 
deformation depth 1 mm, resulting in a severe level of injury.30,31 The craniotomy was then covered 
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with a cranioplasty and the scalp sutured. Sham-operated mice received identical anesthesia and 
surgery without brain injury. 
Behavioural tests 
Sensorimotor deficits were evaluated by neuroscore and beam walk tests, and cognitive deficits were 
evaluated by the Morris water maze test as previously described.26–29,32 
Neuroscore. Mice were scored from 4 (normal) to 0 (severely impaired) for each of the following: 
(1) forelimb function during walking on the grid and flexion response during suspension by the tail; 
(2) hindlimb function during walking on the grid and extension during suspension by the tail; (3) 
resistance to lateral right and left push. The best score is 12.  
Beam walk. The beam walk test measures the number of foot faults of the mouse walking twice on 
an elevated, narrow wooden beam (5 mm wide and 100 cm long). Before each test, mice are trained 
in three habituation trials. Data are expressed as the sum of the number of foot faults during the two 
tests. The best score is 0. 
Morris water maze (MWM). A circular pool (1 m diameter) filled with water (18-20°C) made opaque 
with a nontoxic white paint, with a fixed submerged platform (1 cm below the water surface) was 
used. The learning task consisted of eight trials/day for four consecutive days for a total of 32 trials. 
Latencies to reach and climb onto the platform were recorded for each trial with a maximum of 60 
sec per trial. Cognitive performance was obtained by averaging the latencies of each day (MWM 
learning task) and the latencies of 32 trials over the four days (all trials). Five days after the learning 
task, mice were tested for their ability to remember the location of the submerged platform (memory 
task). Animals were allowed to swim for 60sec with the platform removed, and their swim paths were 
recorded using a computerized video analysis system (Ethovision XT 5.0; Noldus Information 
Technology, Wageningen, The Netherlands). A memory score was calculated to grade memory 
retention deficits in the different groups.33 Mice were tested twice (at 3 and 6 months) in the MWM, 
with the same protocol. The platform was placed in the southwest quadrant of the pool at three months 
and northeast at six months. 
MRI studies 
Mice were anesthetized with isoflurane inhalation (induction 3%; maintenance 1.5%) in an N2O/O2 
(70%/30%) mixture. Body temperature was maintained at 37°C by warm water circulated in a heating 
cradle. Imaging was done on a 7T small-bore animal scanner (Bruker Biospec, Ettlingen, Germany). 
Two actively decoupled radio frequency (RF) coils were used: a volume coil of 7.2 cm diameter used 
as the transmitter and a surface coil as the receiver.32 
Acquisition 
Brain anatomical changes were evaluated in sagittal, 2D, T2-weighted RARE sequences. The 
morphological images were obtained with a voxel size of 117 x 147 x 300 µm (FOV 3 x 1.5 cm, 
matrix 256 x 102, slice thickness 300 µm), repetition time 5000 ms, effective echo time 36 ms with 
a RARE factor of 8, for 8 averages.  
Diffusion tensor data were acquired in coronal DTI echo-planar imaging (EPI) sequences acquired 
with an in-plane image resolution of 107 x 107 µm (FOV 1.5 x 1.5 cm, acquisition matrix 140 x 140, 
slice thickness 1 mm); repetition time 3000 ms, echo time 36 ms. Four averages were used to boost 
the signal-to-noise ratio. For diffusion, encoding b factors of 0 (b0 image) and 800 mm
2/s were used 
and diffusion-sensitizing gradients were applied along 19 isotropic directions of three-dimensional 
space.  
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Analysis 
Diffusion tensor analysis. The diffusion tensor was computed using the freely available software 
FSL.34–36 The software reconstructs the diffusion tensor generating the three eigenvalue λ1, λ2, λ3 
maps and the associated eigenvectors (i.e. the three principal diffusion directions). The DTI indices 
fractional anisotropy (FA) and mean diffusivity (MD, 10-3mm2/s) are defined as follows: 
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3
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which are mean diffusivity (MD, µm2/ms) (1), fractional anisotropy (FA) (2), axial diffusivity (AD, 
μm2/ms) (3) and radial diffusivity (RD, μm2/ms) (4). Regions of interest (ROI) were the corpus 
callosum (CC), external capsule (CE), cortex and thalamus and were selected manually by a trained 
expert following the Paxinos atlas.37 The whole CC and EC were selected for quantification as 
depicted in Fig. 5A (five coronal sections 1 mm thick). In addition, for the 12 month time point, when 
contralateral white matter pathology emerged, we repeated the quantification restricting the ROIs in 
the contralateral (cl) hemisphere so the location and volume matched the remaining (r) il-CC and EC 
(Suppl. Fig. 1, rCC and rEC five coronal sections 1 mm of thick). 
Volume analysis. The volume measurements of structural MRI images were obtained using Java-
based custom-made software. ROI were selected manually by a trained expert following the Paxinos 
atlas.37 To obtain a 3D-reconstruction of lesion progression, manually segmented brain masks of a 
representative mouse were smoothed and brain surfaces visualized using MRIcroS (a matlab-based 
tool freely available at https://www.nitrc.org/projects/mricros/). 
Tissue processing  
One year after surgery, under deep anesthesia (Ketamine 20 mg + Medetomidine 0.2 mg), animals 
were transcardially perfused with 20 mL of phosphate buffer saline (PBS) 0.1 mol/L, pH 7.4, followed 
by 50 mL of chilled paraformaldehyde (4%) in PBS. The brains were carefully removed from the 
skull and post-fixed for 6h at 4°C, then transferred to 30% sucrose in 0.1 mol/L phosphate buffer for 
24h until equilibration. The brains were frozen by immersion in isopentane at -45°C for 3 min before 
being sealed into vials and stored at -80°C until use. Coronal brain cryosections twenty µm thick were 
cut serially (from bregma +1 mm to bregma -4 mm) at 200 µm intervals and stained with Cresyl violet 
or Luxol fast blue/cresyl violet (LFB/CV) using standard histological protocols.22,29Axons were 
visualised using Palmgren's silver impregnation technique.38Contusion volume was analysed as 
previously described.39 
Immunohistochemistry 
Immunohistochemistry was done on 20 µm thick coronal sections, cryosectioned at -20°C and stored 
at 4°C in a solution of glycerol:PBS (1:1). After washing and hydration in PBS solution, sections 
were treated with H2O2 1% for 10 min to inactivate endogenous peroxidase activity. Blocking 
solutions and incubation with primary antibodies were as follows: 
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IBA1: blocking was achieved by applying 2% normal horse serum (Vector Labs, Burlingame, CA) 
in Optimax buffer (BioGenex,San Ramon, CA) for 30 min. Endogenous IgG was blocked using an 
avidin/biotin blocking kit according to the manufacturer's instructions (Vector Labs). Incubation with 
the primary antibody was then done overnight at 4°C with monoclonal rabbit anti-mouse IBA1 
(1:200; Wako, Neuss, Germany) in a solution containing normal horse serum 2% in Optimax Buffer. 
CD68: blocking was achieved by applying 10% normal goat serum (Merck, Darmstadt, Germany), 
0.1% Triton in PBS for 1h, followed by incubation with the primary antibody overnight at 4°C with 
monoclonal rat anti-mouse CD68 (1:200; Serotec, Kidlington, UK), 3% NGS, 0.1% Triton in PBS. 
GFAP: blocking was achieved by applying 10% fetal calf serum (Gibco, Thermofisher Scientific, 
Waltham, MA USA), 0.5% Triton in PBS for 1h, followed by incubation with the primary antibody 
overnight at 4°C with monoclonal mouse anti-mouse GFAP (1:2000; Chemicon), 10% FCS, 0.5% 
Triton in PBS. 
After incubation in primary antibodies, sections were transferred to solutions containing secondary 
antibody for 1h, followed by avidin-biotin complex following manufacturer's instructions (VectaStain 
Kit, VectorLaboratories, Burlingame, CA, USA) before visualisation of immunoreactivty with 3,3-
diaminobenzidine-tetrahydrochloride (Vector Laboratories, Burlingame, CA). For each reaction, 
negative controls were run without the primary antibody. In each case, no staining was observed. 
Selection of region of interest for histopathological analysis 
Sections were scanned at 20x using a Hamamatsu Nanozoomer 2.0-HT slide scanner, with the images 
viewed using the Slide Path Digital Image Hub application (Leica Microsystem). Alternatively, they 
were acquired at 20x by an Olympus BX-61-VS microscope, inter-faced with VS-ASW-FL software 
(Olympus Tokyo, Japan). Images were analysed using Fiji software (http://fiji.sc/Fiji). Regions of 
interest for DTI analysis (cortex, thalamus, CC and EC, as indicated in Fig.2) were selected according 
to the Paxinos atlas.37 The coronal section with maximum lesion size (AP -1.6 mm from bregma40) 
was selected. The ipsilateral (il) cortex was analyzed over an area 1 mm deep from the edge of the 
contusion. A corresponding area of the contralateral (cl) hemisphere and sham animals was analysed. 
For the thalamus the analysis was done in the areas corresponding to the latero-dorsal and latero-
posterior nuclei and the lateral geniculate complex. White matter areas (CC and EC) were disrupted 
by the focal trauma pathology in the il-hemisphere, so only the cl-hemisphere was quantified. The 
whole cl-CC was selected, and the cl-EC was analysed up to the lower limit of the primary 
somatosensory cortex. The whole selected regions of interest were analysed. 
 
Figure 2.Region of interest for histopathological analysis. Drawings represent the regions of interest selected for quantification in 
the corpus callosum (CC; red), external capsule (EC; green), cortex (blue) or thalamus (yellow) in sham (A) or TBI (B) mice. 
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Neuronal cell count 
Coronal sections 20 µm thick were stained with cresyl violet. The entire sections were acquired at 
20x with an Olympus BX-61 Virtual Stage microscope, with pixel size 0.346 µm. Acquisition was 
done over 10 µm thick stacks, with a step size of 2 µm. The different focal planes were merged into 
a single stack by mean intensity projection to ensure consistent focus throughout the sample. Neuronal 
count was done using an appropriate size threshold (25 µm2) to exclude small objects not representing 
an entire cell, such as ramification portions from out-of-focus cells.31,40–42 Quantification was done 
with Fiji software and neuronal cell loss was expressed as the number of neurons per mm2.  
Quantification of histological markers 
For silver staining, sections were acquired at 40x with an Olympus BX-61 Virtual Stage microscope, 
with pixel size 0.173 µm. For IBA1, CD68 and GFAP, sections were acquired at 20x with an Olympus 
BX-61 Virtual Stage microscope, with pixel size 0.346 µm. Acquisition was done over 6 µm thick 
stacks, with step size 2 µm. The different focal planes were merged into a single stack by mean 
intensity projection to ensure consistent focus throughout the sample. Images were analysed using 
Fiji software. Data are expressed as positive pixels/total assessed pixels, and reported as the 
percentage stained area for subsequent statistical analysis. 
Statistical analysis 
Mice were allocated to surgery by a list randomizer (http://www.random.org/list). All behavioral 
evaluations were done blinded to injury status. Data are presented as means and standard deviation 
of the mean (SD). For neuroscore, beam walk, Morris water maze, volumetric measurements and DTI 
data, groups were compared using a two-way analysis of variance for repeated measures, followed 
by Tukey’s post hoc test. For the sake of clarity, all the graphs referring to longitudinal analysis 
(behavior and MRI) report statistical significances between sham and TBI animals only, while 
longitudinal intra-group differences are reported in the text. For histological analysis, groups were 
compared using the unpaired t-test; p-values <0.05 were considered statistically significant. 
Assumptions of normality were checked using the Kolmogorov–Smirnov test. Standard software 
packages were utilised throughout (GraphPad Prism version 6.00, La Jolla, CA, USA). 
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Results 
TBI induces long-term functional deficits 
The neuroscore indicated significant sensorimotor deficits in TBI compared to sham-operated mice 
at all time points (Fig. 3A). TBI mice had an initial poor score of 3.6 out of 12, with subsequent 
improvement over the next four weeks up to a score of 7.5 (p<0.001), but no improvement later on. 
Sham mice had neuroscores in the range of 11 to 12 at all times.  
The beam walk test showed clear motor deficits in TBI compared to sham-operated mice at all time 
points (Fig. 3B). Longitudinal intra-subject analysis in TBI mice indicated an improvement from 1 to 
4 weeks (p<0.001), followed by stable performance up to 3 months. After this, both TBI and sham 
mice had similar increases in footfault numbers (sham: 12 versus 52 weeks p<0.0001; TBI: 12 versus 
52 weeks p<0.0001) suggesting that weight gain (see Fig. 1B for changes in body weight) may affect 
the performance in the beam walk test. 
Cognitive deficits were evaluated at 3 and 6 months in the MWM test (Fig. 3C-F). TBI and sham 
mice showed no significant difference in swim speed throughout the testing period (data not shown). 
At 3 months, TBI mice showed a significant learning dysfunction compared to sham mice, as shown 
by the longer time spent to reach the platform over the four days of learning (Fig. 3C). At six months, 
mice were exposed for the second time to the same test, and TBI mice showed a significant difference 
in learning task only on day 4 (Fig. 3D), with overall performance similar to sham mice (Fig. 3E). 
The probe trial indicated persistent memory retention deficit at both three and six months in TBI 
compared to sham mice (Fig. 3F). TBI mice had improvements in both learning (p<0.001) and 
memory (p<0.01) functions at six compared to three months, while sham mice performed similarly 
over time. 
 
Figure 3. Behavioral deficits. 
Sensorimotor deficits were assessed by 
composite neuroscore (A) and beam walk 
(B) tests up to one year after injury. TBI 
mice showed clear motor dysfunction 
compared with sham-operated mice for 
the whole duration of the study in both 
tests. Cognitive deficits were assessed by 
MWM test at three and six months after 
injury (C-F). Compared to sham-
operated, TBI mice had a longer latency 
to the platform on days 1-4 of learning at 
three months (C) but only on day 4 at six 
months (D). The overall learning 
performance showed significant deficits 
at three but not six months after surgery 
(E), and clear deficits in memory 
retention at both time points in TBI 
compared to sham mice (F). Data are 
mean+SD, n=7-8, A-F: Two way 
ANOVA for repeated measurements, 
followed by Tukey’s post hoc test. 
*p<0.05, **p<0.01, ***p<0.001 TBI vs 
sham.  
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T2w-MRI reveals lesion progression in ipsilateral hemisphere over time 
3D-reconstruction of the brain after traumatic injury indicated the evolution of the lesion, increasing 
over time (Fig. 4A). Compared to sham mice, TBI produced a significant volume reduction already 
detectable on day 1 after injury in the il-cortex (Fig. 4C) and il-hippocampus(Fig. 4D) measured by 
T2w-MRI. At longer times (one month after TBI) the il-striatum was also affected (Fig. 4E). Cortical, 
hippocampal and striatal damage in the il-hemisphere expanded over time up to one year (1 day versus 
12 months: p<0.001). No T2w-MRI changes were detected in the cl-hemisphere. Whole brain atrophy 
was also measured by conventional histology at 12 months, giving values that correlated strongly 
with those measured by T2w (Fig. 4F, Pearson correlation r=0.895, p<0.01). 
 
Figure 4. Anatomical damage. A) 3D reconstruction of lesion progression from one day up to 12 months post injury. B) 
Representative images for sham (upper) and TBI (lower) mice, depicting the regions of interest for analysis of structural damage by 
MRI in cortex (blue), hippocampus (red) and striatum (green). C-E) Quantification of lesion progression in the cortex (C), hippocampus 
(D) and striatum (E) up to 12 months post-injury. TBI resulted in a volume reduction in the ipsilateral cortex and hippocampus starting 
from  day 1 and in striatum starting from one month, compared to the corresponding area in sham-operated mice. No changes were 
seen between TBI and sham contralateral hemispheres. F) Representative brain coronal section by MRI and by conventional histology 
at 12 months in the same mouse. Lesion volume quantified by MRI correlated strongly with that measured by conventional histology 
(Pearson correlation r=0.895, p<0.01). Data are mean±SD, n=7-8. Two-way ANOVA for repeated measurements followed by Tukey’s 
post hoc test. *p<0.05, **p<0.01, ***p<0.001 sham il vs TBI il.  
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DTI-MRI shows contralateral degeneration at chronic stages after TBI 
DTI-MRI analysis was done longitudinally on white matter (CC and EC, Fig. 5) and grey matter 
(cortex and thalamus, Suppl. Fig. 2) up to 12 months. Compared to sham, TBI induced a significant 
reduction in FA in the il-CC at 1, 6 and 12 months after surgery (Fig. 5B) and in the il-EC at 1 day 
and 3, 6 and 12 months after injury (Fig. 5C). Notably, at 12 months, there was also a significant 
decrease of FA in the cl-CC (Fig. 5B) and cl-EC (Fig. 5C) of TBI compared to sham mice, 
documenting the spread of neurodegenerative processes to the contralateral white matter at chronic 
stages after TBI. At 12 months, we also restricted the ROIs in the cl-hemisphere to match the il-CC 
and EC remaining tissue (rCC and rEC, Suppl. Fig. 1). FA was significantly reduced in il and cl-rCC 
and il-rEC but not in cl-rEC compared to sham (Suppl. Fig. 1), indicating a spatial gradient in FA 
impairment moving away from the site of injury.  
 
No significant differences were observed in AD (Fig. 5D-E), but there was a significant increase in 
RD in il-CC from six months on in TBI mice compared to sham (Fig. 5F). Analysis of the MD 
indicated a significant increase in il-CC at 12 months, reflecting observations for RD (data not 
shown). 
 
Figure 5. Quantitative analysis of diffusion tensor imaging parameters in the white matter. Drawings represent the 
rostrocaudal ROI selection in the CC (red) and EC (green) in sham (left) and TBI (right) mice (A). Quantification of FA 
(B-C), AD (D-E), and RD (F-G) in the CC (B, D, F) and EC (C, E, G). Compared to sham mice, TBI induced a reduction 
of FA in the il-CC (B) and il-EC (C). At 12 months after injury, FA was also reduced in the cl-CC (B) and cl-EC (C) 
compared to the corresponding areas in sham-operated mice. There were no differences observed in AD (D-E). TBI 
increased RD in the il-CC (F) at late time points, with no changes in the EC (G). Data are mean±SD, n=7-8. Two-way 
ANOVA for repeated measurements followed by Tukey’s post hoc test. *p<0.05, **p<0.01, ***p<0.001 sham il vs TBI 
il; °°p<0.01,  °°° p<0.001 sham cl vs TBI cl. 
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DTI analysis of gray matter regions indicated increased FA in the il-cortex of TBI compared to sham 
animals only at six months (Suppl Fig. 2B), and no significant differences in the thalamus (Suppl Fig. 
2C, E). 
Persistent and bilateral neuropathology 12 months post CCI 
Compared to sham animals, neuropathological studies on material from the il-hemisphere 12 months 
after CCI gave evidence of neuronal loss with reduced neuronal density in the il-cortex (-32%, Fig. 
6A-C), associated with both microgliosis and astrogliosis, marked by increased area of staining for 
IBA1 (+176%, Fig. 6D-F) and GFAP (+158%, Fig. 6J-L). However, this was not associated with any 
demonstrable increase in CD68 (Fig. 6G-I).  
 
 
Figure 6. Histopathology in the ipsilateral and contralateral cortex one year after TBI. Representative images of cresyl violet 
stained neurons (A), IBA1 (D), CD68 (G) and GFAP (J) of sham and TBI ipsilateral and contralateral cortex one year after injury. 
Compared to sham-operated mice, TBI resulted in: reduced neuronal density in the il (B) but not cl (C) hemisphere; an increase in 
IBA1 immunoreactivity in both il (E) and cl (F) hemispheres, but no demonstrable change in CD68 expression (H, I); and increased 
GFAP staining in the il (K) but not cl (L) hemisphere. Bar, 50µm. Data are mean±SD, n=7-8. Unpaired t-test, **p<0.01, ***p<0.001.  
Studies on the il-thalamus found evidence of ongoing microgliosis and astrogliosis with increased 
staining for microglial (IBA1: +68%, Fig. 7A-C; CD68: +581%, Fig. 7D-F) and glial markers (GFAP: 
+598%, Fig. 7G-I). 
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Figure 7. Histopathology in the 
ipsilateral and contralateral 
thalamus one year after TBI. 
Representative micrographs of IBA1 
(A), CD68 (D) and GFAP (G) and 
their quantification in ipsilateral (B, E, 
H) and contralateral thalamus (C, F, I) 
one year after surgery. TBI increased 
IBA1, CD68, and GFAP 
immunoreactivity in the il but not the 
cl thalamus, compared to the 
corresponding areas in sham-operated 
mice. Data are mean±SD, n=7-8. 
Unpaired t-test, **p<0.01, 
***p<0.001.  
 
 
 
 
 
 
 
In contrast to the il-hemisphere, there was no detectable neuronal loss in the cl-cortex and thalamus 
in CCI mice at 12 months compared to sham mice, nor was there any evidence of a neuroinflammatory 
reaction. However, sections of the cl-hemisphere stained for LFB showed loss of white matter, with 
reduced area staining in both cl-CC and cl-EC, extending from -0.4 to -2.2 mm from bregma in TBI 
compared to sham mice (Suppl. Fig. 3). This loss of volume peaked at -1.6 mm from bregma in TBI 
compared to sham mice (Fig. 8A-B) and coincided with comparable fiber density in sham and TBI 
animals in both cl-CC and cl-EC in silver stained sections (Fig. 8C-D), indicating axonal loss.  
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Histopathology of the contralateral white matter one year after TBI. Luxol fast blue staining of sham and TBI brain 
coronal sections (A). Quantification of the Luxol fast blue stained area (B) indicated evidence of white matter loss in the cl-CC and EC 
one year after TBI. Representative images of Palmgren silver stained sections of the cl-EC of sham and TBI mice (C), and quantification 
in cl-CC and EC (D) one year after surgery. No difference in fiber density was found between sham and TBI in either CC or EC. Data 
are mean±SD, n=7-8. Unpaired t-test, ***p<0.001.  
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These changes were associated with ongoing microgliosis, marked by increased area staining in both 
IBA1 (cl-CC +235%, Fig. 9A; cl-EC +127%, Fig. 9B) and CD68 (cl-CC +1919%, Fig. 9C; cl-EC 
+255%, Fig. 9D), and astrogliosis, with increased area staining in GFAP (cl-CC +419%, Fig. 9E; cl-
EC +98%, Fig.9F). A colorimetric representation of the degree of activation of markers analysed in 
the different ROIs is shown in Suppl. Fig. 4.  
 
 
Figure 9. Inflammatory markers in the contralateral white matter one year after TBI. Representative micrographs 
of IBA1 (A-B), CD68 (C-D) and GFAP (E-F), and their quantifications in cl-CC (A, C, E) and EC (B, D, F) one year 
after surgery. TBI increased IBA1, CD68 and GFAP immunoreactivity in both cl-CC and EC, compared to the 
corresponding areas in sham-operated mice. Data are mean±SD, n=7-8. Unpaired t-test, *p<0.05, **p<0.01, ***p<0.001. 
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Discussion 
In this study we show that a single severe TBI triggers an evolving and progressive neuropathology 
that at chronic stages spreads to the cl-hemisphere. In vivo longitudinal MRI studies demonstrated 
the emergence of cl-brain pathology with late survival post-CCI, with a prominent involvement of 
white matter structures and ongoing neuroinflammation, demonstrated by histological studies at 12 
months survival. In addition, we show widespread ipsilateral changes, with both grey and white 
matter damage and persistent and evolving behavioral dysfunction. 
As previously shown, TBI acutely (one week) induced severe sensorimotor functional impairment 
after injury, followed by partial resolution in the four weeks post-TBI27–29, but with persisting deficits 
compared to sham mice for up to one year. While both neuroscore and beam walk tests clearly 
distinguished sham from TBI mice throughout the study, an injury-independent effect was observed 
in the beam walk test, from six months on, suggesting that neuroscore over beam walk may be 
preferred for long-term studies. Among factors possibly contributing to worsening of the performance 
in beam walk at chronic stages are the longer inter-test interval and weight gain. The increase in the 
inter-test interval (from 14 to 90 days) coincided with worsening of performance, suggesting that 
practice contributes to ability in this test. Similarly, increases of respectively 36% and 28% over their 
baseline weight were observed at six months in sham and TBI mice, which might contribute to 
worsening in their motor performance, balance and coordination32,43,44. However, a major aging 
effect45,46 was unlikely, since the increase in foot fault number emerged in adult (8 months old) rather 
than aged mice. 
Cognitive deficits were longitudinally assessed in the MWM. There was clear impairment of spatial 
learning and memory retention in TBI compared to sham mice at three months after injury. Six 
months post-injury, TBI mice showed improvement of learning ability but the persistence of memory 
retention deficits. Thus, despite the progressive atrophy/tissue loss in cortical and hippocampal 
regions, as shown by our MRI data, there was partial recovery of cognitive function. Remodeling 
changes after injury in surviving neurons may attenuate the initial deficit and compensate the function 
of tissue loss.47 Caution, however, is needed when interpreting our MWM data as partial recovery of 
hippocampal functions. The MWM is strongly influenced by the “novelty effect”. Initial exposures 
to the aquatic field are associated with a variety of stress and/or anxiety behavioral responses, such 
as thigmotaxis, that contribute to the test performance. 48Repeated exposure to the test leads to 
habituation to the novelty, reducing neophobia and thigmotaxis, factors that all help improve the test 
performance, limiting the possibility of repeating the test.  
Little is known about the long-term progression/resolution of white matter damage in experimental 
TBI after a single focal CCI. At acute to subacute stages the involvement of contralateral white matter 
structures has been shown histologically in developing49 and adult50 mice after focal TBI, with 
scattered data obtained by DTI51–53 showing both persistence or resolutions of FA contralateral 
changes. Zhuo and colleagues51 reported decreased FA in the cl EC 2h after CCI in rats, with 
resolution to baseline values at seven days. Interestingly, Harris53 and colleagues reported that CCI 
injury resulted in a persistent, unilateral CC FA reduction up to 28 days post-injury, with cl regions 
of CC showing a severity-dependence relationship for FA at four weeks post-injury but not at one 
week, suggesting ongoing degeneration from the il to the cl hemisphere in the more severely injured 
rats. Notably, here we document the progressive white matter damage spreading from the ipsilateral 
to the contralateral hemisphere with FA values becoming significantly lower than controls in the cl-
CC and cl-EC by one year after injury. FA impairment showed a spatial gradient moving away from 
the site of injury with only FA values in the farest region of the cl-EC no longer different from sham 
mice. Contralateral white matter degeneration with diffuse axonal loss was confirmed in histological 
sections stained for myelin (LFB), which showed a marked reduction of cl-CC and cl-EC thickness 
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extending from -0.4 to -2.2 mm from bregma, but no demonstrable increase in fiber density in silver 
staining. These data are consistent with progressive white matter degeneration evolving from the 
ipsilateral to the contralateral side with survival from injury.  
As previously shown,53–55 we also noted a progressive decrease of FA in ipsilateral white matter 
which progressed with survival up to one year post-CCI, together with an increase in RD in the il-
CC. These results are closely correlated with clinical findings in TBI,56,57that indicate an increase in 
RD rather than AD in longitudinal studies with long-term follow-up.58–61 FA and RD partially recover 
over time after moderate59 but not severe TBI in patients,58 indicating that the initial injury severity 
affects progression and/or recovery of axonal injury. 
Axonal damage is a complex phenomenon starting in the acute phases post TBI, involving 
anterograde and retrograde degeneration processes62 accountable for the spread of axonal damage to 
areas distal from the primary injury. There is increasing evidence that, for some patients, these acute 
pathologies may not resolve after the acute phase but persist long after TBI, with ongoing axonal 
degeneration detectable even years after single moderate or severe TBI in human autopsy derived 
material.56,57Whether these chronic axonal changes are the consequence of Wallerian degeneration or 
are due to secondary, evolving pathologies detrimental to axons still needs to be clarified.  
Axonal damage is associated with the release of myelin debris, a strong inhibitor of axonal sprouting 
and regrowth. Thus, removal of this debris is essential for adequate tissue healing, a process involving 
phagocytosis of myelin debris by activated microglia and astrocytes.63,64 Classically activated 
neuroinflammatory microglia induce a subtype of reactive astrocytes named A1 that lose the ability 
to promote phagocytosis, and synaptogenesis, and contribute to neuronal death.65 We observed a 
sustained chronic inflammatory process with activated microglia and astrocytosis in the cl-white 
matter of TBI mice one year post-CCI supporting, the notion that active neurotoxic events driven by 
reactive astrogliosis are in place at this stage. Importantly, these data reflect clinical observations in 
moderate to severe TBI patients, where atrophy of the CC, with evidence of axonal degeneration and 
a florid, ongoing neuroinflammatory response was evident in approximately one third those surviving 
a year or more from a single TBI.66 
Histopathological analysis also indicated preferential white over grey matter involvement in long-
term neurodegenerative and inflammatory processes after a single CCI. When considering the 
perilesional cortex decreased neuronal density was associated with persistent neuroinflammatory 
processes characterized by active microgliosis and astrogliosis. Results were similar oin the ipsilateral 
thalamus, confirming previous studies on CCI mice where at two months67 or onw year21, active 
astro/microgliosis was associated with oxidative stress in the ipsilateral cortex and thalamus, leading 
to neurodegeneration. Our study adds the observation of modest involvement of the contralateral grey 
over white matter structures with increased microgliosis not associated with an increase in CD68 
related to phagocytic activity and with no astrogliosis. No glial activation was observed in the 
contralateral thalamus. Thus, our data indicate that one year after a single severe TBI, white matter 
damage is the main histopathological feature in the contralateral hemisphere suggesting that chronic 
inflammatory processes do not appear randomly throughout the brain, but progress through distinct 
neural networks.  
The potential value of these observations for human studies is suggested by growing evidence on the 
long-term consequences after TBI. Structural and functional alterations are documented after 
moderate to severe TBI68–70 and even 12-14 years after injury.70Long-term consequences have a 
profound impact on patients, families and society. With the exception of a single study72 there is no 
proven treatment for improving recovery after TBI.  
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Nevertheless, caution is always required when findings from animal experiments are transferred to 
clinical aspects in human patients. Our current model produces a substantial focal lesion, with a 
contusion volume that increases from about 8% of the hemisphere at 1 day to 22% at one year. The 
extent and location of the tissue injury produced in this rodent model may be different from several 
contusional lesion patterns in patients. In humans, multiple lesions are common, with a significant 
risk of life-threatening evolution when the contused temporal lobe impacts the brainstem through the 
tentorial hiatus. Additionally, in clinical practice expanding contusions may require surgical removal 
and intensive care. Here we induced a single, substantial lesion but with no evidence of brainstem 
involvement, and our observations simply describe the temporal evolution of the initial damage 
without any therapeutic intervention. Importantly, this degree of injury, still producing progressive, 
large-scale tissue damage, is not fatal. We interpret this prolonged survival of mice capable of feeding 
themselves as a marker of important but not too severe damage.   
All these dissimilarities, however, do not reduce the physiopathological importance of our 
observation, with evidence of long-term progression, and bilateral involvement, after the initial focal 
injury.  
 
Conclusions 
This study shows that a single severe TBI induces long-term, progressive neuropathology that not 
only involves the peri-lesional and ipsilateral cortex, but also extends to the contralateral hemisphere 
one year after injury, with particular involvement of white matter structures. The widespread nature 
of these chronic events underlines the clinical importance of our CCI model for reproducing distinct 
neurodegenerative features recapitulating features of the neuropathology of human single severe TBI. 
It therefore offers a reliable model of disease progression to address the mechanistic link between the 
acute biomechanical insult and chronic and progressive degeneration. 
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